INTRODUCTION
============

Type II restriction endonucleases (REases) recognize specific DNA sequences (usually 4--8 bp in length) and cleave them at specific positions within or close to their recognition site. The majority of restriction enzymes faithfully recognize a unique target site in DNA (e.g. EcoRI binds to GAATTC) and discriminate it against other sequences with an extreme specificity \[discrimination factor is up to 10^10^ ([@gks300-B1],[@gks300-B2])\]. However, a significant number of REases is able to interact with degenerate recognition sequences meaning that more than one base is permitted at a particular position of the target site. For example, the thermophilic Bse634I restriction enzyme recognizes sequence R/CCGGY, where Y (pYrimidine) stands for 'C or T', R (puRine) stands for 'A or G', and '/' indicates the cleavage position ([@gks300-B3]). In fact, among 314 recognition sites of Type II REases categorized in the REBASE ([@gks300-B4]), 83 represent degenerate sequences, including 53 containing an R:Y degenerate base pair at various positions. Molecular mechanisms that enable REase cleavage at several alternative target sites, but prevent cutting at non-cognate DNA sequences, are not yet fully understood. Deciphering of these mechanisms may reveal novel strategies for the engineering of highly specific nucleases which target unique sites in genomes but are refractory for the off-side cleavage ([@gks300-B5]).

In order to understand molecular mechanisms of the degenerate sequence recognition, we have focused on the REases that contain an R:Y base pair in their target sites. Currently, there are 32 structures of TypeII REases in the DNA-bound form and 5 of them, namely BsoBI (C/YCGRG) ([@gks300-B6]), EcoO109I (RG/GNCCY) ([@gks300-B7]), HincII (GTY/RAC) ([@gks300-B8]), SgrAI (CR/CCGGYG) ([@gks300-B9],[@gks300-B10]) and BstYI (R/GATCY) ([@gks300-B11]) represent enzymes which recognize R:Y degenerate target sites. In most cases, the crystal structures are solved with one version of the degenerate target site and only for HincII, the structures were obtained with two cognate oligonucleotide variants providing us with the first structural mechanism of the alternative sequence recognition. Crystallographic studies supported by biochemical experiments ([@gks300-B12],[@gks300-B13]) demonstrate that HincII specificity for the degenerate GTYRAC sequence arises from the indirect readout of the conformational preferences at the central pyrimidine--purine step ([@gks300-B8]). However, it remains to be established whether the same or different mechanisms are responsible for the degenerate sequence recognition by other restriction enzymes.

Bse634I restriction enzyme is specific for the degenerate hexanucleotide sequence R/CCGGY and belongs to a large family of evolutionarily related REases that interact with closely related DNA sequences containing the conserved CCGG or CCNGG core and cut their target sites before the first C ([@gks300-B14],[@gks300-B15]) ([Table 1](#gks300-T1){ref-type="table"}). The crystal structure of Bse634I in the DNA free form revealed a tetramer that had two DNA-binding sites ([@gks300-B16]). Structural comparison of Bse634I and NgoMIV--DNA ([@gks300-B17]) complex suggested that both enzymes presumably share a conserved mechanism for the recognition of the conserved CCGG core ([@gks300-B18]), however, it did not provide an answer how Bse634I discriminates the degenerate outer base pairs. Table 1.Structurally characterized REases that interact with /CCGG or /CCNGG target sequences[^a^](#gks300-TF1){ref-type="table-fn"}REaseSubtypeRecognition sequenceOligomeric statePDB IDReferencesBse634IIIFR/CCGGYTetramer1KNV([@gks300-B18])Cfr10IIIFR/CCGGYTetramer1CFR([@gks300-B19])SgrAIIIFCR/CCGGYGdimer/tetramer3DVO, 3MQ6, 3DPG, 3DW9([@gks300-B9],[@gks300-B10])NgoMIVIIFG/CCGGCTetramer1FIU, 4ABT([@gks300-B17])Ecl18kIIIF/CCNGGdimer/tetramer2FQZ([@gks300-B20])PspGIIIP/CCWGGdimer3BM3([@gks300-B21])EcoRIIIIE/CCWGGdimer1NA6, 3HQG([@gks300-B22],[@gks300-B23])[^1]

Here, we present the crystal structures of the Bse634I (R226A mutant) in the complex with the oligoduplexes representing both palindromic variants (GCCGGC and ACCGGT) of the target site ([Table 2](#gks300-T2){ref-type="table"}). The structures of Bse634I with the AT-1 and AT-2 oligoduplexes containing the ACCGGT site were solved at 2.3 and 2.7 Å resolution, respectively. The crystal structure of Bse634I with the GC-1 oligoduplex, containing the GCCGGC site, was solved at 2.3 Å resolution. The crystal structures reveal structural principles for an alternative target site recognition by Bse634I. The structural data coupled with the biochemical experiments suggest that both van der Waals interactions and indirect readout contribute to the discrimination of the degenerate base pair by Bse634I. Furthermore, a direct structural comparison of Bse634I (R/CCGGY), NgoMIV (G/CCGGC) and SgrAI (CR/CCGGYG) in the DNA-bound form demonstrates how different specificities are achieved within the group of related enzymes. Table 2.DNA oligoduplexes used in this studyNameSequence[^a^](#gks300-TF2){ref-type="table-fn"}CommentNS`5′-AGCGTAGCACTGGGCTGCTAGTC-3′`Non-cognate, unmodified`3′-TCGCATCGTGACCCGACGATCAG-5′`AT`5′-CGCACGATCA``CCGG``TGATGCACGC-3′`Cognate, unmodified`3′-GCGTGCTAGT``GGCC``ACTACGTGCG-5′`GC`5′-CGCACGATCG``CCGG``CGATGCACGC-3′`Cognate, unmodified`3′-GCGTGCTAGC``GGCC``GCTACGTGCG-5′`TA`5′-CGCACGATCT``CCGG``AGATGCACGC-3′`Mis-cognate, unmodified`3′-GCGTGCTAGA``GGCC``TCTACGTGCG-5′`CG`5′-CGCACGATCC``CCGG``GGATGCACGC-3′`Mis-cognate, unmodified`3′-GCGTGCTAGG``GGCC``CCTACGTGCG-5′`AU`5′-CGCACGATCA``CCGG``U``GATGCACGC-3′`Cognate, modified`3′-GCGTGCTAG``U``GGCC``ACTACGTGCG-5′`IC`5′-CGCACGATC``I``CCGG``CGATGCACGC-3′`Cognate, modified`3′-GCGTGCTAGC``GGCC``I``CTACGTGCG-5′`UA`5′-CGCACGATC``U``CCGG``AGATGCACGC-3′`Mis-cognate, modified`3′-GCGTGCTAGA``GGCC``U``CTACGTGCG-5′`CI`5′-CGCACGATCC``CCGG``I``GATGCACGC-3′`Mis-cognate, modified`3′-GCGTGCTAG``I``GGCC``CCTACGTGCG-5′`GC-1`5′-TCGCG``CCGG``CGCG-3′`Crystallization`3′-GCGC``GGCC``GCGCT-5′`AT-1`5′-TCGCA``CCGG``TGCG-3′`Crystallization`3′-GCGT``GGCC``ACGCT-5′`AT-2`5′-TTCGA``CCGG``TCGA-3′`Crystallization`3′-AGCT``GGCC``AGCTT-5′`[^2]

MATERIALS AND METHODS
=====================

Oligonucleotides
----------------

All oligonucleotides used in this study were synthesized and HPLC purified by Metabion (Martinsried, Germany). For the DNA-binding and kinetic experiments, the upper strand of each DNA duplex was labeled at the 5′-end with \[γ-^33^P\]ATP (Hartmann Analytic, Braunschweig, Germany) using T4 DNA polynucleotide kinase (ThermoFisher, Vilnius, Lithuania). Oligoduplexes were assembled by slow annealing from 95°C to room temperature in a buffer \[8 mM Tris-OAc (pH 7.9 at 25°C), 16.5 mM KOAc\] or in water (for crystallization).

Protein purification and crystallization
----------------------------------------

Mutants P203G and P203S were constructed by two-step megaprimer method ([@gks300-B24]). The protein coding region of the resulting plasmids was sequenced in order to ensure that the only desired mutations were introduced. The wt Bse634I and R226A ([@gks300-B25]), P203G and P203S (this study) mutants were expressed and purified as described ([@gks300-B18]). The identity of the purified P203G and P203S mutant proteins was checked by mass spectrometry. The concentration of the protein monomers was estimated spectrophotometrically using extinction coefficient 34 280 M^−1^ cm^−1^. R226A--DNA complex was crystallized by the sitting drop vapor diffusion technique. The protein in a buffer containing 5 mM CaCl~2~, 20 mM Tris--HCl, 50 mM NaCl, pH 7.5 was mixed with an equimolar amount of DNA and an equal volume of a crystallization solution was added. Final concentration of the protein was in the range from 4 to 8 mg/ml. The crystals grew in a week, and after several months degraded severely. Solutions used as reservoirs for crystallization of the R226A mutant complexes with GC-1 and AT-1 oligonucleotides contained 100 mM NaOAc pH 4.25--5.5, 10 mM CaCl~2~ or Ca(OAc)~2~, 4--8% (w/v) of PEG8000. The crystals of the R226A complex with the AT-2 oligoduplex were obtained with the reservoir solution which contained 0.1 M Bis--Tris pH 5.5, 0.5% polyvinylpyrrolidone and 16% of PEG400.

Data collection and structure determination
-------------------------------------------

Crystallographic data for R226A-GC-1 were collected at EMBL Hamburg outstation DESY X12 beamline, and data sets from crystals with AT-1 and AT-2 oligoduplexes were collected at X11 DESY beamline. MOSFLM ([@gks300-B26],[@gks300-B27]), SCALA ([@gks300-B28]) and TRUNCATE ([@gks300-B29]) were used for data processing. Initial phases were obtained by molecular replacement using MOLREP ([@gks300-B30]) and PDB entry 1KNV as an initial model. Coordinates for B-form DNA oligonucleotides were generated using NAB software <http://structure.usc.edu/make-na/server.html>. The model was rebuilt and refined using COOT ([@gks300-B31]), CNS ([@gks300-B32]) and REFMAC ([@gks300-B33]) programs. The crystal structure of the Bse634I complex with AT-2 was refined using non-crystallographic symmetry (NCS) restraints between all eight subunits present in the asymmetric unit. Data collection and refinement statistics are shown in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks300/DC1). All molecular scale representations were prepared using MOLSCRIPT ([@gks300-B34]) and RASTER3D ([@gks300-B35]) software.

DNA-binding experiments
-----------------------

Binding of the modified and unmodified DNA oligoduplexes by wt and mutant Bse634I was studied by the gel mobility shift assay. The radiolabeled oligoduplexes (0.1 nM) were mixed in 20 μl samples with different concentrations of Bse634I (varying from 0.1 nM to 5 μM in terms of monomer). The reaction was carried out in a buffer containing 40 mM Tris-OAc (pH 8.3 at 25°C), 5 mM Ca(OAc)~2~, 0.1 mg/ml BSA and 10% (v/v) glycerol. Before loading on the gel the samples were incubated for 10 min at room temperature. The protein--DNA complexes were resolved by electrophoresis in 6% non-denaturing PAGE \[acrylamide/N,N′-methylenebisacrylamide 29:1 (w/w)\] in 40 mM Tris--OAc running buffer containing 5 mM Ca(OAc)~2~ at 6 V/cm for 3 h. The gels were visualized using a Cyclone Phosphor-Imager (Perkin-Elmer, Wellesley, MA, USA).

DNA-cleavage experiments
------------------------

The DNA cleavage reactions were performed by mixing the radiolabeled oligoduplexes (100 nM) with Bse634I (100 nM in terms of tetramer) in the reaction buffer \[10 mM Tris-HCl (pH 8.5 at 37°C), 100 mM KCl, 10 mM MgCl~2~ and 0.1 mg/ml BSA\] at 25 and 50°C (reactions which required incubation time \>10 min were carried out under mineral oil). The samples were collected at timed intervals and quenched with a loading dye solution \[95% (v/v) formamide, 25 mM EDTA, 0.01% (w/v) bromphenol blue\]. Separation of the DNA hydrolysis products was performed by denaturing PAGE: the 20% polyacrylamide gel \[acrylamide/N,N′-methylenebisacrylamide 19:1 (w/w)\] in Tris--borate buffer containing 8.5 M of urea was run at 30 V/cm. The radiolabeled DNA was detected as described above. The rate constants of the DNA cleavage were determined by fitting single exponentials to the time-courses of the substrate depletion in the experiments with Gnuplot software.

RESULTS
=======

Crystals of Bse634I R226A mutant
--------------------------------

Our multiple attempts to obtain crystals of the wild type Bse634I--DNA complex were unsuccessful, therefore, we switched to the crystallization trials of the mutational variants. We succeeded in the co-crystallization of the Bse634I R226A mutant with three different oligoduplexes GC-1, AT-1 and AT-2 ([Table 2](#gks300-T2){ref-type="table"}). Bse634I restriction enzyme is arranged as a tetramer comprised of two primary dimers and requires two DNA copies for its optimal activity ([@gks300-B18]). The Arg226 residue is located at the tetramerization interface of Bse634I and makes an intricate network of interactions with the amino acid residues of two neighboring subunits. Its replacement by alanine disrupts the Bse634I tetramer into monomers in solution and impairs the Bse634I cleavage at low protein concentrations \[([@gks300-B25]) and M.Z., unpublished results\].

Two different crystal forms of the R226A mutant in complex with DNA were obtained. Data collection and refinement statistics is presented in the [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks300/DC1). The crystals in the P2~1~2~1~2 space group were produced with the cognate oligoduplexes GC-1 and AT-1 ([Table 2](#gks300-T2){ref-type="table"}) representing both palindromic variants of the Bse634I recognition sequence GCCGGC and ACCGGT, respectively. The crystallographic asymmetric unit in both crystals contains two protein monomers and two DNA chains. The primary dimer is generated by rotation of the protein and DNA monomer around the crystallographic 2-fold axis.

The second crystal form in the P2~1~ space group was obtained with the AT-2 oligoduplex, which differs from the AT-1 oligoduplex by the flanking sequence ([Table 2](#gks300-T2){ref-type="table"}). The asymmetric unit in the crystal consists of eight protein subunits that build up two tetramers ([Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gks300/DC1)). Two oligoduplexes are bound within the DNA-binding clefts of each Bse634I tetramer. Interestingly, three additional 'out-of-site' duplexes fill up the space between the protein tetramers and form the continuous quasi-infinite DNA strands, each built by the repetition of three crystallographically independent oligoduplexes. The unpaired 5′-terminal thymine of the AT-2 oligoduplex makes H-bonds to the last A:T pair of the next DNA molecule, forming a nearly perfect Hoogsteen pair ([Supplementary Figure S1B](http://nar.oxfordjournals.org/cgi/content/full/gks300/DC1)).

Overall complex architecture
----------------------------

In both crystal forms, two primary dimers are stacked back-to-back to each other and form a tetramer ([Figure 1](#gks300-F1){ref-type="fig"}A and [Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gks300/DC1)). Each primary dimer binds one DNA duplex, therefore the tetramer binds two DNA molecules simultaneously. In all three R226A--DNA complex structures, the tetramer arrangement is very similar to that of the Bse634I in the DNA-free form ([@gks300-B18]). Thus, although R226A substitution disrupts the Bse634I tetramer into monomers in solution at low protein concentrations, in the crystal, the mutant protein is assembled into the tetramer similar to the wt enzyme. Figure 1.The crystal structure of Bse634I (R226A)--DNA complex. (**A**) General architecture of the tetramer bound to the GC-1 oligoduplex. Individual monomers are shown in different colors. Two DNA molecules bound by Bse634I are in a ball-and-stick representation. (**B**) Superposition of DNA-free Bse634I (PDB ID 1KNV) monomer A (transparent blue) with the monomer A (red) in the Bse634I--GC-1 complex. Protein chains are traced by Cα, DNA is shown in a transparent ball-and-stick representation and CPK colors. Protein chain fragments that differ in both structures are cyan and yellow for apo- and DNA bound monomers, respectively. Cα atoms of the catalytic motif (Glu80, Asp146, Lys198 and Glu212) are shown as red spheres. (**C**) Superposition of the eight central base pairs (recognition site and adjacent flanking base pairs) of the GC-1 oligoduplex complexed with Bse634I (gold) and B-form DNA of the same sequence generated by NAB software (grey). (**D**) Superposition of the catalytic center residues of the Bse634I and AT-1 complex (gold) and corresponding residues in NgoMIV--DNA (PDB ID 4ABT, pink) and SgrAI--DNA (PDB ID 3DVO, cyan) complexes. Ca^2+^ is shown as a blue sphere, a water molecule as a red sphere. Ca^2+^ in the active sites of NgoMIV and SgrAI are shown as blue transparent spheres.

Bse634I undergoes relatively small changes upon DNA binding ([Figure 1](#gks300-F1){ref-type="fig"}B). First, the N-terminal part (residues 23--89) of the Bse634I monomer which is flexible in the apo-structure ([@gks300-B18]), moves closer to the DNA and becomes fixed by the DNA backbone contacts. The DNA binding also induces a slight shift of the protein segment (residues 139--145) in the vicinity of the active site residue Asp146 and upstream the α6 'recognition' helix (residues 202--205) which bears the residues involved in the central CCGG core recognition. The tetramerization loop (residues 258--264), which makes major contacts between the primary dimers within the tetramer, also shows slightly different conformations in the DNA bound- and apo-structures.

The DNA duplex bound to Bse634I in all three structures is in the B-form conformation ([Figure 1](#gks300-F1){ref-type="fig"}C). Unpaired thymines at the 5′-end of the oligoduplex are highly flexible and poorly resolved. According to CURVES ([@gks300-B36]) analysis, DNA in the complex with the R226A mutant shows a slight 11--18° bending towards the minor groove (the bending angle value varies depending on the individual structure). The most profound kink occurs at the central dinucleotide step of the site RC[CG]{.ul}GY coinciding with the dyad axis of oligonucleotide.

Active center organization
--------------------------

The active center of Bse634I ([Figure 1](#gks300-F1){ref-type="fig"}D) is formed by Glu80, Asp146, Lys198 and Glu212 residues which (except of Glu80) follow a sequence motif PDX~46--53~KX~13~E characteristic for the REase family presented in [Table 1](#gks300-T1){ref-type="table"}. The Bse634I active site is structurally similar to those of NgoMIV ([@gks300-B17]), and SgrAI enzymes ([@gks300-B9]). Indeed, Cα atoms of the catalytic residues corresponding to Glu212 and Asp146 of Bse634I nearly coincide between all three enzymes. However, the side chain residues of Glu212 are not well-resolved in the individual Bse634I subunits. This fact, probably, reflects an incompleteness of the active center assembly, whether due to the mutation, or due to a relatively low pH of the crystallization mixture.

Calcium ion was included in all crystallization mixtures, because it is a necessary pre-requisite for the DNA binding by Bse634I ([@gks300-B16]). Nevertheless, only in the crystal structure of Bse634I with AT-1 oligoduplex, an electron density that could be asserted to calcium was found in a close vicinity of the scissile phosphate. The octahedral coordination sphere of the metal ion is incomplete and only four ligands could be identified. The long axis of octahedron is built up by a phosphate oxygen of C2 nucleotide and a carbonyl oxygen of Leu197. Other two ligands are carboxyl oxygens of Asp146 and a water molecule ([Figure 1](#gks300-F1){ref-type="fig"}D).

Contacts to the conserved CCGG core
-----------------------------------

Two symmetry-related α6 helices, dubbed recognition helices ([@gks300-B18]), protrude into the major groove of DNA, as it was predicted analyzing the apo-structure. The side chain atoms of the amino acid residues Arg202, Asp204 and Arg205 located at the N-terminus of the α6 helix and on the upstream loop are engaged in the sequence-specific hydrogen bond interactions with the donor and acceptor atoms of the CCGG bases. One protein subunit makes contacts in the major groove with one half-site of the symmetric CCGG sequence ([Figure 2](#gks300-F2){ref-type="fig"}A). More specifically, the Nε and Nη2 atoms of the Arg202 and Arg205 residues make bidentate hydrogen bonds to the O6 and N7 atoms of G5 and G4 bases, respectively, while carboxyl oxygens of Asp204 bridge N4 atoms of the neighboring cytosines C2 and C3 ([Figure 2](#gks300-F2){ref-type="fig"}B and C). The Nη1 atom of Arg205 also makes a direct hydrogen bond to the main chain oxygen atom of Ser200 and through the bridging water molecule interacts with the catalytic Lys198 residue (not shown). In the minor groove, the main chain oxygen atom of Gly69 is within a hydrogen bond distance (2.9--3.1 Å depending on the particular subunit) to the N2 amino group of the G5 base ([Figure 2](#gks300-F2){ref-type="fig"}B). Figure 2.Specific interactions of Bse634I with the recognition sequence. (**A**) Schematic representation of the degenerate target site and interactions between the Bse634I and its target site. Residues belonging to monomers A and B are shown in red and blue, respectively. H-bonds are indicated by arrows, van der Waals interactions to purines--by curved lines. (**B**) Bse634I interactions with the C2:G5 base pair. (**C**) Bse634I interactions with the C3:G4 base pair. (**D**) Bse634I contacts to the outer A1:T6 base pair in the AT-1 complex. (**E**) Bse634I contacts to the outer G1:C6 base pair in the GC-1 complex. C8 and N7 atoms of R1 base and side chain atoms of Pro203 residue are shown in CPK representation. (**F**) SgrAI interactions with the A:T base pair in complex with the oligoduplex containing the cognate 8 bp site CACCGGTG (PDB ID 3DVO). (**G**) NgoMIV interactions with the G:C base pair in the 6 bp target site GCCGGC (PDB ID 4ABT).

Interactions with an outer R1:Y6 base pair
------------------------------------------

The recognition pattern of the conserved CCGG sequence by Bse634I is nearly identical to that of NgoMIV ([@gks300-B17]). However, in contrast to NgoMIV which strictly prefers the G:C base pair outside the CCGG core, Bse634I tolerates both G:C and A:T within its target site. The crystal structures of Bse634I in the complex with the oligoduplexes containing either GCCGGC (GC-1; [Table 2](#gks300-T2){ref-type="table"}) or ACCGGT sites (AT-1 and AT-2; [Table 2](#gks300-T2){ref-type="table"}) reveal the protein interaction networks with two alternative target sequences. In both structures, A1:T6 and G1:C6 base pairs are contacted by the Bse634I dimer from both minor and major groove sides ([Figure 2](#gks300-F2){ref-type="fig"}D and E) and both monomers contribute the amino acid residues for the outer base pair recognition ([Figure 2](#gks300-F2){ref-type="fig"}A). In the major groove, Pro203 is in the van der Waals contact distance both to A1 and G1 bases ([Figure 2](#gks300-F2){ref-type="fig"}D and E). In the minor groove, the Nδ atom of Asn73 residue coming from the neighboring monomer makes a hydrogen bond to the O2 atom of T6 and C6 pyrimidines.

The outer base pair R1:Y6 is distorted in the Bse634I--DNA complex. The local base pair step parameters as calculated by x3dna ([@gks300-B37],[@gks300-B38]) are represented in the [Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gks300/DC1). The Y6 pyrimidine base is displaced from the minor groove by Asn73 and shifted towards the major groove relatively to the first flanking base pair ([Supplementary Figure S2C](http://nar.oxfordjournals.org/cgi/content/full/gks300/DC1) and [S2D](http://nar.oxfordjournals.org/cgi/content/full/gks300/DC1)). This results in the distortion of stacking between Y6 base and the first base outside of the recognition sequence.

Thus, Bse634I seems to combine both direct and indirect mechanisms to discriminate the RCCGGY sites from mis-cognate YCCGGR sequences. The direct interactions are limited by van der Waals contact to the purine base made by Pro203 in the major groove and a H-bond made to the complementary pyrimidine by the Asn73 in the minor groove. *In silico* mutagenesis suggests that the R1 purine replacement by the T base should introduce a steric clash of the C5 methyl group with the Pro203 residue and interfere with the Bse634I interaction with the TCCGGA site.

Bse634I binding and cleavage studies
------------------------------------

In order to test this hypothesis, we analyzed the DNA binding and cleavage by Bse634I using a set of the oligoduplexes containing cognate (ACCGGT or GCCGGC), mis-cognate (TCCGGA or CCCGGG) and modified cognate and mis-cognate sites ([Table 2](#gks300-T2){ref-type="table"}). In the modified substrates, the outer T is replaced by U (uracil), which lacks the 5-methyl group in the pyrimidine ring, and G is replaced by I (inosine), which lacks 2-amino group in the purine ring. Flanking sequences in all oligoduplexes used in these experiments were identical ([Table 2](#gks300-T2){ref-type="table"}).

The electrophoretic mobility shift assay revealed that Bse634I binds the cognate oligoduplexes AT and GC ([Figure 3](#gks300-F3){ref-type="fig"}A and C) at the low protein concentrations. Further increase of the Bse634I concentration gives rise to the second slowly migrating protein--DNA complex. In the case of the non-cognate oligoduplex NS ([Figure 3](#gks300-F3){ref-type="fig"}I), only this slowly migrating complex is observed at the increased protein concentrations. Based on the DNA-binding patterns presented here and in the previous studies ([@gks300-B16]), we conclude that the complexes with the cognate DNA observed at low protein concentrations represent the specific complexes where Bse634I is bound to the recognition site while lower mobility complexes at increased protein concentrations correspond to non-specific complexes. The cognate oligoduplexes containing U instead of T (AU) and I instead of G (IC) showed the DNA-binding pattern similar to that for the specific oligoduplexes GC and AT indicating that the elimination of the 5-methyl group in thymine or 2-amino group in guanine in the outer base pair has no effect on the Bse634I binding ([Figure 3](#gks300-F3){ref-type="fig"}E and G). The crystal structures are consistent with this observation since there are no direct or indirect contacts with methyl or amino groups in the Bse634I complexes with cognate DNA. Figure 3.Binding of specific (**A**, **C**, **E** and **G**), mis-cognate (**B**, **D**, **F** and **H**), and non-cognate (**I**) DNA oligoduplexes by the wt Bse634I. Labels shown on the picture indicate oligoduplex ([Table 2](#gks300-T2){ref-type="table"}) used in the gel-shift experiment. I stands for Inosine and U for Uridine. Concentration of Bse634I in samples is increasing from 0.1 nM to 5 μM (in terms of monomer; see 'Materials and Methods' section). The first lane in all gels contains no protein. Specific or specific-like Bse634I--DNA complexes are designated by arrows.

On the other hand, the oligoduplexes TA ([Figure 3](#gks300-F3){ref-type="fig"}B) and CG ([Figure 3](#gks300-F3){ref-type="fig"}D) containing mis-cognate sites are bound by the protein similarly to the non-cognate DNA ([Figure 3](#gks300-F3){ref-type="fig"}I). However, T to U replacement in the mis-cognate oligoduplex UA results in the different binding pattern (compare panels F and B in [Figure 3](#gks300-F3){ref-type="fig"}). Indeed, the band corresponding to a specific protein--DNA complex appears in the gel, albeit at the higher protein concentrations in comparison to the cognate AT site. The modified CI oligoduplex forms only a non-specific protein--DNA complex, similarly to the mis-cognate CG duplex ([Figure 3](#gks300-F3){ref-type="fig"}H and D).

On the next step, we analyzed Bse634I cleavage of cognate, mis-cognate and modified oligoduplexes. The cleavage reaction was carried out under single turnover conditions using an optimal enzyme concentration that yields a maximal cleavage rate. Reaction rate constants were determined as described in the 'Materials and Methods' section.

The cleavage rates for the cognate and the modified cognate oligoduplexes AT, AU, GC and IC are within the range 4--13 min^−1^ at 25°C ([Table 3](#gks300-T3){ref-type="table"}) indicating that modifications in the cognate AU and IC duplexes have no significant effect on the cleavage activity. However, in the case of the unmodified and the modified mis-cognate duplexes (TA, CG, UA and CI), the cleavage rates at 25°C were too slow to be reliably measured. Therefore, the Bse634I cleavage of TA, CG, UA and CI oligoduplexes was studied at 50°C taking an advantage of the fact that Bse634I is a thermophilic enzyme ([@gks300-B3]). Under these conditions, the cleavage rate of the cognate oligoduplex was too high to be measured by the conventional techniques. On the other hand, the mis-cognate TA and CG duplexes even at 50°C were hydrolyzed very slowly (∼20% of the oligoduplex was hydrolyzed after 48 h incubation). However, under these conditions, the Bse634I cleavage rate of the modified mis-cognate UA duplex was increased nearly by three orders of magnitude compared to the TA oligoduplex. The cleavage rate of the CI duplex was very close to that of the unmodified CG and TA oligonucleotides ([Table 3](#gks300-T3){ref-type="table"}). Table 3.Rate constants of oligoduplex cleavage by Bse634IOligoduplex*k* (min^−1^)wtP203SP203G25°C50°C25°C50°C25°C50°CAT10 ± 1.3--15 ± 1.8--2.9 ± 0.2--GC4.1 ± 0.9--7.8 ± 1.2--12 ± 4.0--AU5.4 ± 1.3--11 ± 2.4--1.5 ± 0.4--IC13 ± 2.9--17 ± 1.5--14 ± 2.1--TAnc[^a^](#gks300-TF3){ref-type="table-fn"}5.7 ± 0.7 × 10^−5^nc5.7 ± 1.6 × 10^−4^nc1.2 ± 0.3 × 10^−4^CGnc8.2 ± 0.8 × 10^−5^1.3 ± 0.1 × 10^−4^9.4 ± 1 × 10^−2^nc3.9 ± 0.5 × 10^−4^UAnc6.9 ± 0.8 × 10^−2^1.1 ± 0.1 × 10^−2^5.8 ± 11.7 ± 2.6 × 10^−3^3.8 ± 0.3 × 10^−1^CInc3.8 ± 0.9 × 10^−5^1.4 ± 0.1 × 10^−4^2.4 ± 0.8 × 10^−1^nc1.5 ± 0.9 × 10^−3^NSncncnc5.4 ± 1.6 × 10^−5^nc3.7 ± 2 × 10^−5^[^3]

To further probe the importance of the van der Waals interactions in the discrimination of the degenerate R:Y base pair, we engineered P203G and P203S mutants replacing the proline with glycine (no side chain) or serine (equivalent to Pro in SgrAI) and performed DNA binding and cleavage experiments ([Table 3](#gks300-T3){ref-type="table"}, [Supplementary Figures S3](http://nar.oxfordjournals.org/cgi/content/full/gks300/DC1) and [S4](http://nar.oxfordjournals.org/cgi/content/full/gks300/DC1)). Functional analysis revealed that the Pro203 replacement resulted in the ∼10-fold increase in the oligoduplex TA cleavage rate in comparison to the wt Bse634I ([Table 3](#gks300-T3){ref-type="table"}). This finding would be consistent with our hypothesis that van der Waals interactions between Pro and T methyl group are important for the discrimination of the degenerate base pair by Bse634I. However, the Pro replacement by Gly or Ser seems to be not fully equivalent to the T substitution by U in DNA, since the P203G and P203S mutants display increased cleavage rate for all tested mis-cognate substrates indicating that the Pro mutations compromise Bse634I specificity.

DISCUSSION
==========

Mechanisms of degenerate sequence recognition by Bse634I
--------------------------------------------------------

The Bse634I restriction enzyme identified in the thermophilic *Bacillus stearothermophilus* strain cleaves two alternative target sites A[CCGG]{.ul}T and G[CCGG]{.ul}C (conserved sequences underlined) with nearly equal rates ([Table 3](#gks300-T3){ref-type="table"}). In order to understand structural mechanisms of the degenerate sequence recognition by Bse634I, we have solved the crystal structures of Bse634I in complex with three oligoduplexes representing two alternative sites.

Structural analysis revealed that the recognition of the conserved CCGG sequence is achieved by a direct readout of the unique pattern of the donor and acceptor atoms on the base edges of the CCGG tetranucleotide core ([Figure 2](#gks300-F2){ref-type="fig"}A--C). The degenerate base pair outside the conserved core introduces an ambiguity for the base pair discrimination by a direct readout, since A:T and G:C base pairs expose a different set of donor and acceptor atoms in the major and minor grooves. Not surprisingly, there are no direct H-bonds with the G:C and A:T bases in the major groove and only the Pro203 residue makes van der Waals contact to the purine ring of the external base pair. In the minor groove, contacts to the degenerate base pair are limited to a single H-bond between the Nδ atom of Asn73 residue and O2 atom of the pyrimidine base. This raises a question how these interactions can discriminate RCCGGY sites against YCCGGR sites.

*In silico* experiments indicate that in the case of TCCGGA sequence a steric clash would occur between the C5 methyl group of T base and Pro203 residue. The importance of this van der Waals interaction for the R versus T discrimination is supported by biochemical data. Indeed, the modified UA oligoduplex ([Table 2](#gks300-T2){ref-type="table"}) which contains U instead of T and lacks 5-methyl group forms the specific Bse634I--DNA complex ([Figure 3](#gks300-F3){ref-type="fig"}F) and is cleaved nearly three orders of magnitude faster in comparison to the unmodified mis-cognate oligoduplexes TA and CG ([Table 3](#gks300-T3){ref-type="table"}). Taken together, these data indicate that the steric clash between the C5 methyl group of T and Pro203 residue plays an important role in the R versus T discrimination by Bse634I. However, the Bse634I preference for R against T in the first position of the target site cannot be fully explained by a disruption of the favored van der Waals contact between Pro203 and the purine base. Cleavage rate of the UA oligoduplex containing the UCCGGA site is still much lower than of the cognate duplex.

Moreover, the steric expulsion mechanism does not provide an answer why C1:G6 base pair is not accepted by Bse634I. In the crystal structures with ACCGGT and GCCGGC oligoduplexes, the O2 atom of the outer pyrimidine Y6 makes a H-bond to the side chain Nδ2 of Asn73. Interestingly, the Gln63 residue in NgoMIV that is structurally equivalent to the Asn73 of Bse634I also makes a H-bond with O2 of the outer C6 base ([Figure 2](#gks300-F2){ref-type="fig"}G). However, it seems unlikely that this single minor groove contact can discriminate between R and Y in the first position of the target site. Theoretically, the N3 nitrogen of A6 base should be able to make a H-bond with Asn73 similarly to Y6 pyrimidine.

Our present hypothesis is that the Bse634I selection against CCCGGG (and to some extent against the TCCGGA site) is achieved by an indirect readout mechanism due to a certain combination of distortions in DNA conformation. In the Bse634I structures with both cognate oligoduplexes, the outer pyrimidine base is displaced towards the major groove resulting in the distortion of the stacking interaction between Y6 base and the first base outside of the recognition sequence ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gks300/DC1)). Interestingly, SgrAI which recognizes CRCCGGYG sequence ([@gks300-B9]) displays a similar DNA distortion.

Other REases which interact with the recognition sites containing the R:Y base pair employ different mechanisms for the degenerate base pair recognition. There are five other REases with the known structure that accept the R:Y base pair in their palindromic recognition sites (summarized in the [Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks300/DC1)). Three of them are solved in complex with the oligoduplex containing only one variant of the degenerate target site, while the HincII crystal structure was solved with two alternative variants of the recognition sequence. \[EcoO109I crystal structure with oligoduplex containing the non-palindromic recognition sequence contains DNA in both overlapping orientations ([@gks300-B7]).\] Crystal structure analysis indicates that the REases achieve specificity for their degenerate target sites by decreasing the number of direct contacts which often become limited to the N7 position of purines or due to the ambivalence of the water-mediated hydrogen bonding ([Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks300/DC1)).

How different specificities are generated within a group of related restriction enzymes
---------------------------------------------------------------------------------------

It has been reported before that apo-Bse634I (R[CCGG]{.ul}Y) shows close structural resemblance to the 6 bp cutter NgoMIV (G[CCGG]{.ul}C) and 8 bp cutter SgrAI (CR[CCGG]{.ul}YG) (conserved CCGG sequence is underlined) ([@gks300-B14],[@gks300-B15]). All three enzymes cut their target sites before the CCGG core and share similar architecture of the active site ([Figure 1](#gks300-F1){ref-type="fig"}D). The Ca^2+^ ion present in the Bse634I--AT-1 complex occupies exactly the same position as the first Ca^2+^ ion in the SgrAI structure with cognate DNA ([@gks300-B9]). In Bse634I, Ca^2+^ ion is coordinated by the oxygen atoms of the scissile phosphate, the side chain oxygen atoms of Asp146 and the main chain carbonyl of the Leu197 preceding the catalytic Lys198. The water molecule which serves as a fourth Ca^2+^ ion ligand in Bse634I overlaps well with the water molecule coordinated by Ca^2+^ ion in SgrAI and NgoMIV structures. Furthermore, Glu80 of Bse634I coincides with Glu103 of SgrAI, which coordinates the second Ca^2+^ ion ([Figure 1](#gks300-F1){ref-type="fig"}D). The electron density which could be assigned to the second metal ion, however, is absent in the Bse634I structure.

Structural comparison of the enzymes in the DNA-bound forms confirmed that Bse634I, SgrAI and NgoMIV share a conserved mechanism for the recognition of the CCGG core within their target sites. The key contacts to the CCGG bases ([Figure 2](#gks300-F2){ref-type="fig"}B and C) are made by the conserved stretch of [R]{.ul}X[DR]{.ul} residues located at the N-terminal tip of the recognition helices and are identical between Bse634I, NgoMIV and SgrAI.

In contrast to NgoMIV, which is strictly specific for the GCCGGC site, Bse634I recognizes two alternative palindromic sequences ACCGGT and GCCGGC. Outside the CCGG core, NgoMIV makes an intricate network of H-bonds to the outer G:C base pair ([Figure 2](#gks300-F2){ref-type="fig"}G) both in the major and minor grooves. These interactions unambiguously specify the G:C base pair. Unlike NgoMIV, Bse634I makes only two contacts to the base pair outside the CCGG core, namely the hydrogen bond by Asn73 to the O2 of pyrimidine in the minor groove and the van der Waals contact by Pro203 to the purine from the major groove ([Figure 2](#gks300-F2){ref-type="fig"}A, D and E). Thus, the direct contacts made by Bse634I to the outer base pair are restrained in comparison to NgoMIV presumably due to an ambiguity introduced by the degenerate base pair.

The target site of Bse634I (RCCGGY) overlaps with the central part of SgrAI site C[RCCGGY]{.ul}G (underlined). SgrAI makes no direct contacts with the degenerate R:Y base pair ([@gks300-B9]) except of the putative water-mediated H-bond between Ser247 and N7 atom of purine ([Figure 2](#gks300-F2){ref-type="fig"}F). The Cα atom of Lys96 occupies a structurally equivalent position of Asn73 in Bse634I, however, H-bond to the O2 oxygen of thymine in the minor groove is missing. Thus, the direct contacts to the degenerate base made by SgrAI are restrained similarly to Bse634I. Moreover, in the SgrAI--DNA complex, the DNA is distorted similarly to Bse634I ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gks300/DC1)). The side chain of Lys96 contacts the outer G (underlined) of the SgrAI recognition sequence CRCCGGY[G]{.ul} from the minor groove and unstacks this base from the Y that just precedes it ([@gks300-B9]). Thus, it seems that both in SgrAI and Bse634I an indirect mechanism plays an important role in the discrimination of the degenerate base pair, however, it remains to be determined to what extent the specific structural features of the RY helical step ([@gks300-B39; @gks300-B40; @gks300-B41; @gks300-B42]) contribute to the discrimination of the degenerate base pair.

Structural comparison suggests that the N-terminal domains of Bse634I and SgrAI exhibit the plasticity which may contribute to the recognition of the 8 bp sequence by SgrAI. The Arg31 residue of SgrAI which makes bidentate H-bonds to the external G residue (underlined) in the CACCGGT[G]{.ul} sequence is located in the loop (residues 19--39) at the N-terminal domain. The N-terminal loop (residues 10--26) of Bse634I is structurally equivalent to the loop (residues 19--39) in SgrAI. However, the N-terminal loop in all Bse634I structures is rather flexible and shows a different orientation or is disordered in the individual monomers. The structurally equivalent loop in SgrAI is much more rigid presumably due to the larger number of contacts to the DNA backbone and the protein body. Furthermore, the structural equivalent of the Arg31 residue is missing in the similar loop of Bse634I which is too short to reach the major groove of the DNA substrate outside of the hexanucleotide recognition sequence. Further structural studies of Kpn2I (T/CCGGA), AgeI (A/CCGGT) and BsaWI (W/CCGGW, where W stands for A or T) restriction enzymes ongoing in the lab should contribute to our understanding how Nature engineered different specificities within the conserved structural fold.
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[^1]: ^a^'/' indicates the cleavage position

[^2]: ^a^The central tetranucleotide CCGG of the Bse634I recognition sequence is underlined. Modified bases are in bold face*.*

[^3]: ^a^No cleavage products were observed after 48 h of incubation.
